We report a comprehensive list of accurate Ritz wavelengths for parity-forbidden [Co ii] and [V ii] lines obtained from the analysis of energy levels measured in the laboratory with Fourier transform emission spectroscopy. Such lines, particularly those in the infrared, are in demand for the analysis of low-density astrophysical plasmas in and around objects such as planetary nebulae, star-forming regions, and active galactic nuclei. Transitions between all known metastable levels of Co ii and V ii are included in our analysis, producing wavelengths for 1477 [V ii 
INTRODUCTION
Stellar spectra feature a rich array of absorption lines, generated primarily from electric dipole (E1) transitions within the atoms of a star's atmosphere. These lines may be interpreted using synthetic spectra derived from atomic and molecular line lists, and radiative processes modeled using spectra containing hundreds of millions or billions of spectroscopic transitions.
In each case though, fundamental atomic data-such as line wavelengths and identifications, transition probabilities, and line broadening parameters such as hyperfine splitting-must be known. These can be supplied on a large scale through ab initio atomic and molecular calculations, or with greater accuracy on a smaller scale through direct experimental measurements in the laboratory.
However, in recent decades, developments in astronomical spectrographs have placed greater demands on the quantity and accuracy of such data. As a result, our understanding of stellar atmospheres is frequently not limited by the quality and quantity of astronomical spectra, but by the availability of accurate atomic and molecular data with which to analyze them. This is also true of other areas of astronomical spectroscopy, which may have additional, sometimes unique, requirements.
In contrast to stellar spectra, spectra from low-density astrophysical plasmas-such as those that exist in planetary nebulae and star-forming regions, and around active galactic nuclei-also contain strong emission lines. These are generated through a number of processes, and can lead to the observation of so-called forbidden lines, which arise from the radiative deexcitation of electrons from long-lived, low-lying metastable levels. For an overview of the processes at work in nebulae and active galactic nuclei, see Osterbrock & Ferland (2006) , for example.
In general, metastable levels possess the same parity as the ground state of an atom, 1 and are of lower energy than any level of opposite parity. De-excitation of electrons through E1 transitions is thus forbidden, as can be seen from the selection rules in Table 1 . Electrons populating these levels must therefore de-excite through alternative mechanisms.
Higher order, magnetic dipole (M1) and electric quadrupole (E2) transitions are allowed, but for neutral and weakly ionized atoms, their transition probabilities are many orders of magnitude smaller than those for E1 transitions. As a result, in high-density plasmas-such as those that exist in stellar atmospheres or plasmas generated in the laboratory-metastable levels are predominantly de-populated through collisions with other atoms, and thus no forbidden lines are seen. However, in low-density plasmas, collisions are rare, allowing enough time for M1 and E2 transitions to occur.
Forbidden lines are thus observed in these plasmas and are important in examining different regions of planetary nebulae (Smith et al. 2005 , for example) and nebulae surrounding objects such as active galactic nuclei (Meijerink et al. 2007 , for example). However, it is usual for only standard pairs of forbidden lines to be used in such analyses, most commonly those from [Fe ii] , which is at least in part due to a lack of accurate atomic data for other forbidden lines. Barlow (2012) recently reviewed developments arising from spectroscopic studies of ionized nebulae and concluded that there is an "urgent" requirement for more atomic data of such lines; particularly so for atoms in low ionization states.
In this paper, we present a comprehensive set of accurate Ritz wavelengths for forbidden lines in Co ii and V ii, calculated, in each case, for transitions between all known metastable levels. These include infrared lines of astrophysical importance, some of which have already been observed in such spectra; see Fang & Liu (2011) , Hartman et al. (2004) , and Arkhipova et al. (2001) , for example.
LABORATORY DATA
The Ritz wavelengths of the parity-forbidden [Co ii] and [V ii] lines reported here were calculated, respectively, from the accurate Co ii energy levels reported by Pickering et al. (1998) and the revised accurate V ii energy levels measured by Thorne et al. (2013) . Figure 1 . Energy level diagram showing the 65 known metastable levels in V ii, which are of even parity. The levels belonging to the 3d 3 ( 4 F )4p z 5 G term, which is the lowest-lying term of odd parity, are also shown as dashed lines to indicate the upper limit on the region in which E1 transitions are forbidden.
In both cases, the laboratory Co ii and V ii spectra obtained by those researchers, and used in their spectral analyses, were generated in a water-cooled hollow cathode discharge lamp and measured on both the f/25 vacuum UV Fourier transform (FT) spectrometer at Imperial College London (Thorne et al. 1987) and the f/55 IR-visible FT spectrometer at the National Solar Observatory, Kitt Peak, Tucson, AZ (Brault 1976) . Observed atomic lines were fitted using the GREMLIN program developed by J. W. Brault (unpublished) , with care taken to account for hyperfine structure splitting by calculating a center of gravity wavenumber for each transition. The wavenumber scale was calibrated using the 26 Ar ii lines recommended by Learner & Thorne (1988) , and the ELCALC program (Radziemski & Kaufman 1969) was then used to revise the energy levels involving known transitions observed in the FT spectra. New energy levels were found using the unidentified observed lines.
The Co ii spectra in Pickering et al. (1998) were wavelength calibrated using the Ar ii measurements of Norlén (1973) . By contrast, the V ii spectra in Thorne et al. (2013) were wavelength calibrated using the more recent Ar ii measurements of Whaling et al. (1995) . Since the measurements of Norlén (1973) have now been superseded by those of Whaling et al. (1995) , we increased the Co ii energy levels of Pickering et al. (1998) by 7 parts in 10 8 -the value recommended by Whaling et al. (1995) -in our calculations of [Co ii] Ritz wavelengths to account for the difference between the two calibration scales. In almost all cases, however, the resulting change in line wavelength was smaller than the overall wavelength uncertainty.
ANALYSIS AND RESULTS

Ritz Wavelengths
V ii has a complex energy level structure, with 65 metastable levels of even parity between the 3d 4 a 5 D 0 ground state and the lowest-lying level of odd parity; the 3d 3 ( 4 F )4p z 5 G 2 level at 34592.843(1) cm −1 (Thorne et al. 2013) . These levels are shown in Figure 1 , grouped by their configuration and sub-configuration, with individual spin-orbit (LS) terms labeled. The levels belonging to the lowest-lying term of odd parity are also shown to indicate the upper limit on the region in which E1 transitions are forbidden. Using the energy levels measured by Thorne et al. (2013) and the selection rules given in Table 1 , we calculated accurate Ritz wavelengths for the 1477 possible parity-forbidden [V ii] lines originating from M1 and E2 transitions between all 65 metastable levels. The most significant of these-those with A 1 × 10 −2 and upper level excitation of less than 5 eV-are listed in Table 2 , with the remaining weaker lines listed in , as shown in Figure 2 . Accurate energies for 41 of these levels are given by Pickering et al. (1998) , and another five-the 3d 6 4s 2 a 5 D 1 level and the levels belonging to the c 3 F and a 1 F terms of the 3d 7 ( 2 F )4s configuration-by Sugar & Corliss (1985) . The final metastable level, 3d 6 4s 2 a 5 D 0 , was omitted from our calculations as, to our knowledge, no experimental value exists for its energy.
By again applying the selection rules in Table 1 , we calculated accurate Ritz wavelengths for the 782 possible parity-forbidden [Co ii] lines originating from M1 and E2 transitions between the remaining 46 levels. The most significant lines are shown in Table 3 , and the remaining weaker lines in Table 5 . Where a transition takes place between levels reported by Pickering et al. (1998) , the uncertainty in the Ritz wavenumber is as low as 0.001 cm −1 , but for those that include the levels from Sugar & Corliss (1985) , this value is an order of magnitude larger due to the lower accuracy with which those energy levels are known. Thorne et al. (2013) . c Calculated transition probabilities derived from the log(gA) values given by Kurucz (2006b) .
(This table is also available in a machine-readable form in the online journal.)
Transition Probabilities
Also included in Tables 2-5 are calculated transition probabilities, A. In general, these were derived from the log(gA) values in Kurucz (2006a Kurucz ( , 2006b ), but for Co ii, the more detailed calculations reported by Raassen et al. (1998) and Quinet (1998) were used instead, where available.
The transition probabilities of Raassen et al. (1998) were obtained through a semi-empirical method. First, the angular coefficients of the transition matrix in pure LS coupling were found using the Racah algebra, multiplied by transition integrals from a relativistic Hartree-Fock code (Parpia et al. 1996) , and corrected for core polarization (Hameed 1972; Laughlin 1992) . The resulting LS transition matrix was then transformed into the actual intermediate coupling by using orthogonal operators (Hansen et al. 1998) ; adjusting the parameters of the model Hamiltonian to yield eigenvalues as close as possible to the experimental energies of Pickering et al. (1998) . Quinet (1998) used the approximately relativistic HartreeFock method (Cowan & Griffin 1976) , followed by a least-squares optimization of the radial parameters to reduce discrepancies between calculated energy levels and the Notes. a Calculated using Birch & Downs (1994) for λ vac > 7500 Å, and Bönsch & Potulski (1998) for all other cases. b Truncated energy. For the exact value, scale the energies given in Pickering et al. (1998) by 7 parts in 10 8 . c Calculated transition probabilities taken from Raassen et al. (1998) . The line at 17376.531 cm −1 (*) is not given by Raassen et al. (1998) , so the value shown is from Quinet (1998) .
experimental levels reported by Sugar & Corliss (1985) . Quinet (1998) also noted that strong multiplets are typically composed of only one type of transition; M1 transitions being dominant for inter-combination multiplets (ΔS = 0) and E2 transitions dominating under LS-coupled selection rules (ΔS = 0). A comparison of the transition probabilities obtained by Raassen et al. (1998) , A R , with those obtained by Quinet (1998) , A Q , is shown in Figure 3 . Here, it can be seen that for the majority of lines, A R and A Q differ by no more than about 25%, although at values of A R less than 0.1 s −1 , there is a significant minority of lines where differences increase to around a factor of two. At higher values of A R , the two sets of results converge, but rather than approaching zero difference, there is a systematic difference; A Q being approximately 25% larger than A R at values of A R greater than 0.1 s −1 . Figure 2 . Energy level diagram showing the 47 known metastable levels in Co ii, which are of even parity. The levels belonging to the 3d 7 ( 4 F )4pz 5 F term, which is the lowest-lying term of odd parity, are also shown as dashed lines to indicate the upper limit on the region in which E1 transitions are forbidden. Raassen et al. (1998) , A R , with those obtained by Quinet (1998) , A Q . The dashed horizontal lines indicate differences of plus and minus 25%.
